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ABSTRACT

In addition to long signal propagation delays, the mobile satellite terminal in a land-
mobile satellite communications system is subject to channel impairments imposed by the
terrestrial environment. Statistical channel models arc needed for protocol development and
perlormance evaluation of systems for satellite cornmunications (SATCOM) on the move.

Experimental measurements were made in and around Boston. MA, using a proto-
type system Ior SATCOM on the move. The measurements characterize the 20 GHz down-
link signal and were made in the tall and winter months of 2004. The elevation angle to
the satellite was approximately 36'. This report covers the measurement campaign, initial
sincle-terminal channel modeling, and multi-terminal channel models relevant for cooper-

atino Nround terminals.

The data sets are analyzed for the statistical properties of the channel state. The chan-
nel is considered to be "open" when a clear path exists to the satellite and "blocked" when
there is an obstruction in the path that prevents the successful transfer of information from
transmitter to receiver. For the single-channel analysis. three operational environments were

previously classilied as urban, rural, or open. We propose two new operational categories:
open highway and dense urban. The addition ol these categories is based on a natural parti-
tioning olrthe experimental data. The open highway channel model contains very long open
intervals, .3 10 in on average, and is blocked 51/c of the time. The dense urban environment.
on the other hand, consists of tall, closely spaced buildings. In this environment, the aver-
ace blockace duration is 130 in and the channel is blocked 89§/ of the time. We evaluate
the suitability of' Markov state models to accurately rellect the channel behavior.

The eflectiveness of using multiple terminals to maximize the use of a single satellite
depends on the correlation properties of the blockage events experienced by each mobile
"ground terminal. Terminal groLiPS with uncorrelated channel outages are able to maximize
the use of the satellite since there is a lower probability that all terminals are simultane-

ously blocked. The auitocorrelation properties of the blockace channel state determine how
closely spaced the ground terminals may be in order to reap the full benefits of spatial diver-
sity. We derive the correlation coefficient of a multiple-state Markov channel with arbitrary
state Outputs. The correlation coefficient of the two-state model is found to be exponential,
regardless of the state output values. We find the empirical channel decorrelation distance

to be from 10 m to 100 m, depending on the operating environment. The empirical block-
age probability reduces from 401(% to 5 % for a cluster of f'our randomly moving ground
terminals in a light urban environment.
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1. INTRODUCTION

1.1 MOTIVATION

Satellite communications (SATCOM) on the move (OTM) is becoming an increasingly important

application for the U.S. military. With more rapid deployments and a highly mobile force, communication is

needed within battle theaters, where no terrestrial communication infrastructure may be used. Furthermore,

thc battlefield objective may he so short in duration that setting up a terrcstrial co(2mmunications intrastructure

is not Ieasible.

fign1 " I. Iilcoln/ Laboratorv SATCOM /ii-the-uove prototvlwe. Challenges ellc/ ,eilered bY satellite
a(IlIl/I11 jicatio/I oil th'il Il 'e iiil Ic/le alt/i/( poi/ting, ti//e tr ackilg, rl gg' edi,' ( 'd comi)i IIew. , anld lhik

t/roulll dtegraI/ed bY blocked cIan/eI/s.

The components used in land-mobile, satellite -round terminals, such as the one pictured in Figure I.

must he ruggcdited to withstand the vibrations caused by vehicle motion. In addition to the usual RE and

antenna components, the SATCOM OTM terminal must contain additional components that will assist in

miaintaining the communication link to the satellite while the vehicular ground terminal is mobile. A navi-

gation unit is required to provide vehicle location intormation so that the terminal can point the antenna in

the proper direction. The pointing subsystem must be rugged enough to compensate for vehicle motion. Fi-
nally, tracking systems-both spatial and temporal-must be implemented to maintain the connection with

the satellile. The spatial tracking requirement is obvious, but the time tracking requirements are increasingly

important for wideband, protected SATCOM with higher signaling rates.



The mobility of the ground terminal introduces technical challenges lor the end-to-end system design.

Because of the high gain required to communicate with a satellite, the radiation pattern of the satellite
antenna is highly directional. Since the antenna pattern is highly directional, the communication channel is
usually considered to be in one of two states: open or blocked. In the "open" state, the path to the satellite
is tree ol obstructions and data is successlully transmitted over the link. In the "blocked" state, the path to
the satellite is obstructed by building, trees, or other ob jects in the environmnent, preventing the successful
transmission of data.

In addition to the deep fades in signal strength with potentially long durations. the mobile terminal in a
land-mobile, satellite communications system is subject to long signal propagation delays resulting from the

round-trip transit time to the satellite on orbit. The statistical properties of' the outages experienced by the
mobile ground terminal determine which mitigation techniques will be eftective. These techniques, coupled
with the long delays, determine how well the end-to-end communications system will perlorm.

ME.

Figure 2. ChonleI b/lockage. Bv c lamel blockage, w je reft to the c('U lition ii i•hc ih the fprimarv

i)ropa(w, ioI path to thesafellite is blocked bi an ob.•tr(tioii i1i the efiw'iro neflt.

Blockage of the propagation path to the satellite, as illustrated in Figure 2, results in outages at the
physical layer. during which time no data may be decoded. To fully utilize the channel, upper-layer protocols
must react to these outages. The duration ofoutage events and the frequency at which they occur impact the
design of protocols and how well they perl'orm in these environments.

Statistical models are needed for protocol development and for ol T-line emulation and analysis of'
system pcrltormance. The model should be derived from data collected using an actual working SATCOM
OTM system. The parameters fir the model should span the range ol environments ol' probable operating



conditions. The channcl model must match the characteristics of the environment Ior which it is used. The
long, deep fades encountered during outage events leads to the use or blocked channel models. Finally, a

successl'i model will he generative, i.e., the statistics of the synthesized data should match those ol' the
neasu red data.

The Lincoln Laboratory approach to SATCOM on the move has been to build a prototype system,

perlorm experiments, and incorporate lessons learned from the entire process into a subsequent, more capa-
ble prototype. In 2002. a SATCOM OTM system was developed at Lincoln Laboratory. This system was
the first EHF SATCOM OTM system demonstrated. A report summarizing the results of a measurement
campaign conducted at the end of the prototype development cycle was written by Schodorf I I1. The op-
erating locations for those experiments were organized into three broad categories: urban. rural, and open
environments. The terminal used for the experiments described by II I had some limitations with respect to
the duration ofloutaCes it could withstand while still maintaining connection to the satellite.

In the subsequent two years, the lessons learned from those initial experiments were incorporated into
a second SATCOM OTM terminal. In addition to having a higher downlink data rate capability, the second

terminal ha, an inmproved design for modularity. The aperture and RF subsystem are modular, as shown in
the architecture diagram in Figure 3, and can support multiple frequency bands, although not simultaneously.
A rubidium oscillator is used as a more precise time reference, and, along with an improved time-tracking
algorithmn. the terminal can recover from much longer outages without dropping the communications link
than can the previous prototype. As a result, experiments that are longer in duration may be conducted in new
environments containing more channel obstructions. This report documents the results of the measurements
collected with this second SATCOM OTM terminal.

Figure 3. Prolo.lye node archijtectmre. The modular architectut~re provides a muix-arid-match .•e/ectioe
{l I~lOdello.• allld till l[e 1l.s'.



1.2 REPORT OUTLINE

The remainder of this report is organized as follows:

Chapter 2 outlines the experiment objectives. These experiments build on the experience gained by Schodorl"

Il. We describe the vehicle conliguration, noting the improvements made over the previous prototype. The
experiment locations were chosen to be representative or a wide range of probable operating conditions for

SATCOM on the move. We identify the experiment locations and describe the characteristics of environ-
ments that were not previously studied.

Chapter 3 presents Markov models that may be used to describe the blockage channel for SATCOM on the
move. The Markov models provide a simple, compact way of representing the blockage channel. We review
previous blockage models applied to the new data and discuss the advantages and limitations of using these
models for emulation and simulation.

Multiterminal techniques are discussed in Chapter 4. Having multiple ground nodes cooperatively commu-
nicate with the same satellite can overcome some of the channel impairments and improve overall system
performance. The channel measurements are used to evaluate the theoretical performance of cooperative
strateoics.

Finally. conclusions are drawn in Chapter 5.
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2. EXPERIMENT

2.1 EXPERIMENT OBJECTIVES

The ohiective ol'the experiments conducted with the SATCOM on-thc-movc terminal prototype is to
capture the channel characteristics over a wide range ot' operating conditions. Thc measurements captured
in this campaign are an extension ol' previous work by Schodorl' I 11. Due to the improved stability of' the
SATCONI terminal prototype used lor these experiments. the data sets are typically longer in duration, cov'er
large rgeographical areas, and include rein ihhigher blockage f'ractions than those reported by I 11. The
objectives ol'this measurement campaign described in this report arc as l'ollows:

I . Expand Library of SATCOM On-the-Move Channel Measurements.

7'lw &(1(1( set from1 this nasriet('ani/1)(ligni exprmiis the lill/'rY . / phY~sical r'Jitii-

l14 ie/ , ie menl~cllts itpon which citirretii *ytatistieail inodels rime based jor SA TCO4 oni

the move. Usingi lessonls learnledl frai~o Previous terminial dlesigns. the tenninailtl Itse(l(
/tom these ck/)e)'imeniet. has im/pr)Yei'e tinie-traekinig eapabilities so that it eanIl naintainl

better time 5 V/i('lll/Viilrti0/i with the sriellite. This iniprovedl ti/me *svniiehoniicatIion enl-
r/bles /oilgel' cA/)er-ime/itA to lhe eo010doeted in) harlsher enivironments sinice the lterniinl

cem i/i oitstmirlI Ionigem' ('halilel a/i/ai'ies without br-eaking, its~ session with tle satellite.

2. Reline Sial istical Channel Mlodels
'The eXMRpande data1( sets gaot ieme firon Ilarger geogra/)hieil area(s arte nleededl to reile
the( prila/leters 0/ ex'stiniji stritivti('l miodels. Loniger experi/elie/s tire us~ed to /)l'ni 'ide

flaruýer (loitw sets iipoii which to base statistieal modlels. n/the p/hvsieal/ ehmiiiel. Fur-
thie/7/o /-'e i/lece /ineri.Sire/ie/ls iii this da(tri set eover new e/l/v/i/nine/its, iiinlels (4111 lbe

dlefiiied to rover ai br-oadler ralige noper)Iatinig eoiiditiolns.

3. Pcr-l'rmance ol'TCP over SATCOM On the Move
/-) each~ e~\f/l/lirmeit, aI TCP dtai st-eaimi flowts fr-om a se/Tee tit the stutionar',' ter//lli/lall

to the vehic le /lotle. The behaivior- n/this datc/ finow (-ti/i be e iw'alaned tii eriel o/)e/aitinu4

4. Link-level Err-or Models
BY' Iloggi/ig r-ao drutai bits thait a/'e se/It o(1/( reeeivedirnmn erch elic n/thesatiellite li/ik,

tmi of/li/le en/mipar11iso n/i4ean be uised/ to r-e('nis tri/(t e/-'/'rs dote ito eha/liel i/limllar/e/its.
The error pailtteris /rnni this ot/Iimie amiul',sis ('r(ili be usedI to replayi~ these cvpe-il/elit

sr'e/irti/os wtidler tight co/itrol I/i /ietwn/-l emnidationls.

5. Study the El'lects of Seasonal Variation

O/le In/ug-ete iul goail of this stud',' is to) /model the seaisniirl effrrts oj'f foirige oil the

SATCO/VI omi-tlie-iioie ('hai/iiel. f/us datri set ineludesv merisi/re//ents takenii ii the fill

(/1( wvittiter ioli/tlis m(/1( shnutl(l be dIirectlY (nm/lprretl to mlerivu re//en ts ttiken i/i the
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Although this report Fkocuses primarily on objectives I and 2 listed above, the measurement data set includes
some data From objective 4. The remaining items are to be studied separately and potentially included in

other reports.

2.2 EXPERIMENT CONFIGURATION

The experiment setup for the channel measurements described in this report is shown in Figure 4. The
configuration consists of a control center with a server that provides data flows to a HMMWV over a satellite

communication channel. The forward link supports a medium data rate (MDR) 256 khps downlink to the
vehicle. The return link to the control center supports low data rate (LDR) channels running at either 2.4

or 4.8 kbps. The 20 GHz downlink channel is measured for the channel characteri,.ations presented in this
report. The output of an energy estimator in the demodulator is used as a signal strength metric.

256 kbps

/ tZt4, 4.8 kbps

I p vw MOTM Fixed M)dNLDR Tamibal MDR)LDR MOTM "lTmnal
Adapter (octod at Mrr LL

Figuie 4. Ei/etimel lit pl.t 1/). E.p•t .rifl/(l~r iticii de ast l o i i tent/ohimi (1l 0/ mo /bile vehiclt terin al/ .
Thejon]Dri'ol /Iik .sippolts 256 kps to the vehicle a•d• either 2.4 klbl>.s or 4.8 kl. btcA to the statio•nrv
terminal.

The vehicle contains a mobile satellite terminal with a tracking antenna and a client computer to
initiate the data Ilows and to log the system performance. The look angle to the satellite is approximately

360. The antenna positioner tracks the satellite using an active control system with the aid of an inertial
navigation unit. Most of' the measurements were made on improved roads where the antenna positioner is
known to have adequate performance so as not to degrade the communication quality of the link. In ofl'-road
locations, however, pointing errors contribute to link outages. and those outages are included in the results
here.

6



The opcrating conditions of thc mobile terminal node are outlined in Table 1. Each experiment begins

by establishing the link to the satellite by both (erminals. This is usually done while the vehicle is stationary,

but acquisition can be done on the move so long as the path to the satellite remains unblocked.

TABLE 1

Mobile Terminal Parameters

Downlink Frequency 20.2 - 21.2 GH/
Satellite Elevation Angle • 36°

Downlink Data Rate 256 kbps
Uplink Data Rate 2.4 kbps or 4.8 kbps

End-to-End RF Gain • 10)0) dB

An IP protocol stack is conligured at each end of the link as shown in Figure 5. The green layers
in Figure 5 are Lincoln Laboratory-specific Linux kernel modules that constitute the experimental proto-
col stack (XPS). These modules are responsible for serializing the IP protocol for transport over satellite.
Also inclutded in the XPS implementation is a windowed, selective repeat automatic repeat request (ARQ)

protocol. More information on XPS and the performance of the link-layer protocol can be found in 12, 3 I.

Ethernet MIARL TAR Ethernet
Subnetwork Subnetwork

Fig iiic 5. Proto ol stack 'ienv. Linif rotfr.o run tt each end of oA lik to serialize the IP tra/ffi to p/as.
ov'r the AIILSTAR liok.



Accurate signal timing must be maintained during channel outages so that the terminal can once again

decode the received signal rather than drop the connection when the signal returns. The measurement termi-
nal used in this experiment uses the rebidium oscillator as a time reference and uses the output of the inertial
navigation system to compensate for vehicle movement during long outages. Using these compensation

techniques, the terminal can maintain signal timing precise enought to recover from long outage periods.
This robustness permits data collection in areas that were previously unmeasurable with a less capable ter-
minal.

2.3 TEST LOCATIONS

Measurements were made from the end of Oclober to the middle of December 2004. During this time
period, most of the leaves had already fallen off the trees. The measurement locations include the urban
areas of Hartford, CT, Boston, MA, and Cambridge, MA. Each urban area is unique in its makeup. Boston
consists of tall, closely spaced, high-rise office buildings in the linancial district. Surrounding the financial
district are areas of smaller buildings and more trees. Cambridge has a smaller downtown section with a
lower density of tall buildings. Surrounding downtown Cambridge are residential areas with trees and small

buildings. Hartford also has a small downtown area with high-risc oflice buildings.

Rural, tree-lined highways in the western suburbs of Boston and the paved and off-road courses at Ft.

Devcns exhibit the effects of foliage and tree cover. A route through Concord, MA. and surrounding towns
consists of a two-lane road with dense tree cover for most of the route. The data from Ft. Devens include
measurements that were taken on improved and unimproved roads and through a variety of densities of tree
cover. The open highway data set includes measurements taken on multilane interstate highways between

Boston, MA, and Hartford, CT. The operating areas arc shown in Figure 6 and summarized in Table 2.

TABLE 2

Test Locations

Location Description of Environment

Boston, MA tall, closely spaced buildings
little or no foliage in linancial district

Cambridge. MA shorter, less densely spaced buildings
some residential areas with foliage and buildings 2-3 stories

Concord. MA rural/suburban area

two-lane roads lined with trees
Devens. MA rural; improved and unimproved roads
Open Highway divided, limited-access highways

These locations are slightly different from the open, rural. and urban environments used by 11I. The
Cambridge, MA. measurements are the most similar to the urban environment of I]1. The Boston, MA.



measurements and the open highway environment represent extremes not captured by the open, rural, and
urhan classilications. The open highway data set consists primarily ol' regions in which the connection
to the satellite is much longer in duration than in any of the other environments. The Boston data set
includes regions with much higher blockage fractions than any of the previously reported environments. For

preciseness, in this report we will refer to each data set by its particular location.

2.4 METRICS AND DATA REDUCTION

The metrics captured during each experiment are illustrated in Figure 7. The encrypted hits sent and

received over the air are logged for link-layer analysis. The data I'Or this report, however, are collected

rorn an energy estimator in the demodulator. The energy estimate is obtaincd in the demodulation stage

or the mobile terminal modem. The energy estimator is shown in Fig•ure 8. The energy metric is derived
trom the correlator outputs in the time-tracking loop. The correlators are used to adjust the signal timing to

match that of the downlink synchronization hop bits. The correlator output values are calibrated and give

an estimate of the received signal-to-noise ratio at the demodulator. A more complete description ol the

correlator operalton is given by Dclisle 141.

The data is recorded as follows to facilitate post-test analysis: The vehicle's position is recorded from

the inertial navigation system. Periodic timestamps and position (latitude and longitude) values are stored in

log Wiles. In between these waypoints, the signal strength metrics from the receiver are logged. For analysis.

a timcstanlp and its associated location values are interpolated for each signal strength estinmate From the

waypoint anchors. This time tagging is done for each metric recorded (signal strength, latitude, longitude,

pointing angles, tic). Through the remainder of this report, the logged values lor position and time are
referred to as time-based samples. Some examples of these time-series signal strength plots are included in

Figure 9.

Time-series analysis is specific for a certain vehicle velocity prolile through a given test area. For

example, traversing an intersection without stopping produces a diFlerent time-series result than when the

výehicle stops at a light. Likewise, traveling at a slower speed will produce blockage phenomena that are

longer in temporal duration. To remove this dependence on time-varying velocity proliles, the analysis can

he done in the spatial domain.

For spatial analysis, the lollowing steps are taken to remove the dependence on the velocity prolile in

the raw data:

I. The latitude and longitude values are converted to linear distance units. This is achieved by

prolecting the interpolated location of each sample onto the Massachusetts State Plane.

2. Based on the maximnumn speed the vehicle achieves in a particular data set, a spatial sampling

interval, D,,,, is chosen such that at least one time-series sample exists Ior each spatial sample.

3. The linear distance traveled by the vehicle is broken into segments, all of which are D, in
length.

4. All time-series signal strength power samples in a single D 1,,,) interval are averaged together

to produce a single measurement for each spatial sampling interval.

9



(a) All ticusurecnien Iocatiorrs

-2004 Measuremn Cmag-2004 MeasurementCmag
- 2002 MeasuremetCmag -2002 Measuremen t Campaign

IaCaplig

-2;004 Measurement Campaign -04Masuremet api

(d) Boston. MA. downtownI (c) Boston. MIA. Buck Bay
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3. BLOCKAGE MODELING

Models of the channel blockage behavior are necded for evaluation of systcm pcrformance in cmu-
lation or simulation. For the channel model to rellect the system behavior in operational environments, it
must he based on physical measurements made in those environments. In this section, we present resullts
of the measurement campaign with the Lincoln Lahoratory SATCOM on-thc-mnovc prototype vehicle. We
hegin by making some qualitative observations of the data. These qualitative observations lead to a natural
grouping of the data. We quantitatively analyze each grouping. We evaluate the ahility ol existing models

to represent the statistical nature of the recorded data.

3.1 CHANNEL MODELS

DIillerent approaches have been used in the past to model the SATCOM on-the-move channel. Loo
and Butterworth 151 give an overview or modeling envelope and phase variations l'or the channel. Abdi cI
o/. 161 and Dovis t a/. 171 introduce new statistical small-scale fkading models, while D(5ttling el al. 18 and
Ocstges and Vanhoenacker-Janvier 191 take a more deterministic approach with ray tracing.

Markov models are appealing because o1 their simplicity and their ability to model a fundamental
change in state of the underlying system. Gilbert [I 01 used Markov models to describe the behavior of burst
errors on a telephone line. Similarly. the loss of signal strength from the satellite in a SATCOM on-the-nmove
"system results in bursts ol crroTrs when decoding the received signal.

More rcccinly. others II, I1. 12. 131 have had reasonable success in modcling the SATCOM on-the-
move channel as being in states with two or three degrees of lreedom governed by Markov models. Schodorf'

IIn models the channel state using a simple two-state Markov model and an augmented Gilbert-Elliot model.
Yao I131 introduces a three-statc model and uses memory decay curves to capture the characteristics of
channel memory. The blockage models used in this chapter and the autocorrelation analysis in Chapter 4
are extensions of the work by III and 11 31.

We examine tlie statistics ol' blockage lor new data sets that have been collected in the vicinity o,1
Boston. MA. We use a threshold ol" 5 dB below the line-of-sight signal strength to divide our observed
signal strength into blocked and unblocked states. While 5 dB is more than the excess signal margin on the
satellite-to-ground link for the particular modulation and coding mode we were using, it was suflicient to
eliminate false blocked state indications due to noisy signal strength estimates when operating in unblocked
conditions. Throughout the remainder ol' this report, we will refer to locations in which the signal is above
this -5 dB threshold as being "unblocked*" or in the "good" or "connected" state. Locations in which the
signal strength is less than this -5 dB threshold are considered to be "blocked" or in the "bad" statc.

Measurement locations were chosen to cover many different types of operating environments. Obser-
vations ol the data suggest appropriate guidelines should be Iofllowed in partitioning the data to preserve the

stationarity of the statistics.
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3.2 QUALITATIVE OBSERVATIONS

Figures 10 through 12 summarize the results F'rom the data collected. The overhead images are derived
from MassGIS lull-color 0.5 m resolution images taken in April 2001 1141. Each measurement location is
denoted by a colored point plotted on the overhead image. The color corresponds to the signal strength in dB
relative to the power received when nothing is blocking the path to the satellite. The latitude and longitude
of each measurement location are projected onto the image, which lies in the Massachusetts State Plane.

From the visual depiction of the signal strength, one can immediately see the impact that the density
of buildings has on the availability of the communication channel. We see in Figure 10 that street orientation
plays a role in the blockages observed. The look angle to the satellite is to the south-southwest. Along streets

oriented in this direction, there are almost no hlockages. Streets perpendicular to this direction, however.
experience frequent blockages. In the close-up image in Figure 10(b). we see that the blockages correspond
to specific buildings and arc repeatable each time the street is traveled.

Boston, particularly in the financial district with its higher density of tall buildings, has much larger
regions where the signal is unavailable than does Cambridge, which has a lower density of buildings in its
layout. The close-up image in Figure I 1(b) shows how closely spaced the buildings are in the linancial
district. In this region. the channel is blocked most of the time, with small opportunities to communicate
with the satellite in street intersections or other small gaps between buildings. Regions ol Boston outside
the linancial district, however, are quite similar to the outer regions of residential Cambridge.

The measurements at Devens. MA, are shown in Figure 12. These measurements include vehicle paths
over both improved and unimprovcd roads. The close-up view shown in Figure 12(b) shows the short and
rapidly changing blocked and open intervals caused by trees. Both the blocked and open intervals are Much
shorter in extent than those caused by buildings in urban and suburban environments.

The overall impact on protocol design is as follows: In Boston, upper-layer protocols must adapt to
long outages caused by buildings and must be able to take advantage of the relatively few opportunities to
transmit and receive data in the open intervals. The ellfects of foliage are quite dilferent. In these environ-
ments. upper-layer protocols must adapt to rapid changes in the blockage state that occur over regions that
are much smaller in extent than blocked and open intervals in urban areas.
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3.3 ANALYSIS

We arc interested in the blockage statistics for the new data sets that have been collected. The param-

eters of interest are blockage fraction and the distribution of blocked and unblocked channel states.

Equidistant spatial samples arc used to characterize the fundamental channel behavior based on the
environment itself and not the particular velocity profile that was used when making the measurements. We
used the spatial data reduction outlined in section 2.4. Time-based samples are converted to distance-based

samples using linear power averaging of' the time-based samples about each spatial sampling point. Since
lower vehicle speeds are used in the city, the urban data sets are sampled more linely than are highway data

sets. The spatial sampling intervals used for the data sets in this campaign range from 1.2 m to 3 m.

Figure 1 3 contains complementary cumulative distribution functions (ccdl"s) of the open and blocked

durations in various measurement locations. The durations arc measured in distance, not in time, so that the
results are characteristic of" the environment, not particular to the vehicle's velocity profile for a given test.

The open durations are distances over which the vehicle continuously maintains connectivity to the satellite.
The blocked durations are distances over which the vehicle's path to the satellite is continuously blocked.
The results assume a threshold of 5 dB below the received line-of-sight measurement to determine whether
the channel is open or blocked.

Clearly. the Boston data set includes longer blockage durations than do the other data sets. This efl'ect
is also indicated by the large amount of' blocked locations in the financial district as indicated by the red

regions in Figure 1 I. The blockage distributions for Concord, Devens. Cambridge, and the open highway
are very similar. In these regions. tree cover, rather than buildings, plays a dominant role in the blockages
observed. The composition of the Back Bay falls in between that of Boston and Cambridec, and the blockage
distribution reflects this mixture of buildings and trees.

Not surprisingly, the open highway data set includes very long open intervals. These open intervals are

interrupted only by the occasional bridge or grove of trees that obstructs the path to the satellite. The contrast
between natural and man-made obstructions is also evident in Figure 13(h). Regions where the blockage is
dominated by tree cover present short bul frequent opportunities to communicate. The connection durations

are longer, on average, in Boston and Cambridge than they are for Devens or the Concord Loop, where tree
cover is more prominent.

Table 3 summarizes the statistics for data sets gathered in each measurement region. The values for

Boston include the entire Boston data set. When restricted to just the financial district, however, the blockage
fraction rises to 89%/. The blockage f'ractions for urban areas and for the open highway are consistent with
values reported by Lutz, ef al. 1151.

3.4 GUIDELINES FOR PARTITIONING DATA SETS

The Lincoln Laboratory data that was collected in 2002 included repetitions of' a single loop around
Cambridge I l1. Given the tracking capabilities of a newer terminal, data sets of much longer durations were
collected in Cambridge during the 2004 measurement campaign. The statistics of the larger data set are

compared to only the route taken in the 2002 campaign. Figure 14 shows the blocked and open distributions

for the two sets of data. The 2002 route includes long portions of roadway along the Charles River, where
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the path to the satellite remiainS uinblocked. As a result, the distribution of' open intervals f'or thc 2002 data
ctndicatcs intervals that arc mIuch lonoer than ar-e characteristic for Cambriidlec as, a whole.

Similarly, the data set that describes Boston consists ol' two very difflerent regions. The city center
conltainls a dense urban core ol'tall, closely spaced buildings. Outside this core arc areas With lower building

C

densities and more vegetation. Due to the high density of' tall buildings in the financial district, the dis-
tribu~tions l'or the data in this region are differenit f'rom the distributions for the entire city. as reflected in
Fg]ieur 15.
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TABLE 3

Summary of Blockage Statistics

Blockage Mean Mean

Location Fraction Blockage Open

Boston 46 c 44 m 51 m
Boston (fin. dist. only) 89 C/( 130 m 18 m
Back Bay 49'17 21 m 21 m
Cambridge 32c/l 15 m 30 m
Cambridge Subsct 21(/( 16 m 60 m

Concord Loop 42(/( 15 ni 20 m
Devens 35(/ 15 m 28 m

Open Highway 5 c/ 17 m 310m

100- Cambridge Complete 100 1" - Camnbrdge Complete

m b - CabrIdge Subset ° '. --- Cambridge Subset

A- 10 
'.-

0 .2

0 1A 20 30 40 0 50 1.0 150

Blockage Duration [m] Connection Duration [m]

Figure 14. Distiributiolrs o.'bim-ked onsd openi ilitei-vl~sjoi- Cimliid,,e data sets. The smadller .suset

of dato takeii in 2002 hev; u di~stribittioi of hmiger- blockaige intle)vals. The lar-ger- Cainbridge data vet

'olitabis/ connection dioratiolis lthat are shoirtei: oli avera(ge, that/ those ol the 2002 data,wet.

Sine ter isa srogy connection between terrain features and channel impairments, a logical group-

Sic h r i a -to IZ

ing of data sets accounts for terrain features in the environment. Schodorf' I I I recognizes this fact and groups
environments into three broad categories: urban, rural. and open.

The analysis presented in this section. however, suggests that a further subdivision of the urban envi-
ronment may he necessary. Using urban planning data to group neighborhoods by common building types
within a city can he useful for selecting regions with consistent blockage statistics. The smaller Clusters of

homogeneous terrain regions can he grouped together in a larger model that transitions between regions at
largyer time constants, reflectingo the meandering of a vehicle from one region to another.
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The ccdF'~s ol' the open and blocked durations are given as IlI

Pr{fDh > P =(
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Pr{Dý > n} 1 p1 . (2)

where DI and D, are the number ol continuous samples for which the channel remains in the good or bad

state.

The two-state Markov model has two degrees of Freedom and is completely specified by any two of the
four transition probabilities. The ccdf's for all measurement regions are shown in Figure 17. By matching
(0) and (2) for both blocked and connected durations, we can specify the model for each region. These
results are summarized in Table 4. The values for blockage fraction, 7h. are computed from pbhi and p,
using the following relationships given by I ll:

ht
7-[ =

i~h+ Ph,-,

Mgh t A-, g (3)

J)hg = I -

The values Ior Phh and po correspond to the dashed green line in the plots in Figure 17.

For many of the measurement regions, there is a "dip" in the distribution function for connection
duration. An extra degree of freedom in the blockage model is required to fit the L-shaped curve in these
cases. The Gilbert model used by I I I decouples the state ol' the underlying model from the observed state.

In particular, the good state denotes error-Ifrec communication, and the "'had" state has a probability /b of
having error-free communication for the specified sampling period. In this case, the complementary cdf's
are given by I II

P r{ D -, > = A4 / ' + (1 - 1. !] . ...

Pr{ýD > I} = (I-)

where D., and Dj are the number of continuous samples for which the channel observations are consis-
tent with error-free (i.e., cgood" observations) communications or channel errors (i.e., "bad" observations),
respectively. The parameters .4. .ql, and Y2 are intermediate parameters and are related to state transition
probabilities and the "bad" state observation probability, h. as f'ollows:

h = 9192

f!1 - .A(g, - :/2)

(1 - q/, )(1 - ",
PIgh = 1/ -- 2 (5)

pb -= A(q 92) + (1 -- qt) Y 2

This added degree of1 freedom in the model permits us to lit the data to two piecewise linear segments.
on a semi-log scale, to the connection duration distributions of Figure 17. Using this method, the Gilbert

model fits the connection distribution quite well. The red dotted lines in Figure 17 correspond to the Gilbert
model parameters listed in Table 5. While the connection duration distribution matches quite well, the
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TABLE 4

Parameters Using the Two-State Markov Model

Location 1)91 pIhi h

Boston 0.9919 0.9866 0.3s
Boston (fin. dist. only) 0.9502 0.9941 0.89

Back Bay 0.9806 0.973(0 0.42

Camhridoe 0.9885 0.9564 0.21
Cambridge Subset 0.9898 0.9479 0. 1

Concord Loop 0.9819 0.9702 0.38
Devens 0.9954 0.969.1 0.1I
Open Highway ().99P8 0.97779 0.05

TABLE 5

Parameters Using the Gilbert Model with Connection Duration Only

Location )! Pbh b T.1 . I • i Y2

Boston 0.9940 0.9685 0.8568 0.02:1 0.804 0.8288 0.(9949

Boston (fin. dist. only) (0.94 12 0.49:15 0.1156 ).061 (0.320 0.)IS87 0.9576

Back Bay 0.9864 0.9576 0.7550 .I6) 0. 165 0.9880 0.7213

Cambridge (0.9742 0.8318 (0.8830) 0.0)10 0.321 0..7195 0.9892
Cambridec Subset 0.993-4 0.99.12 0.9622 0.016 (0.760( 0.9521 0.9947
Concord Loop 0.9876 0.9551 0.6692 0.072 0.869 0.6381 (0.9886
I)cvcns 0.9980) 0.9953 ().V332 0.049 0.972 0.8293 0.99's91l

Open Highway (0.9990( 0(.996 1 0.9847 0._(1• (0.780 0.9806(i 09.)992

blocked distribution does not match at all when fitting the data to only the connection duration distribution
using the Gilbert model. This, too, was observed by I I.

From the red dofted lines in Figure 17, we see that a very good lit can be achieved if all three parameters
can be varied to lit the connection duration ccdf. SchodorF [I tits the Gilbert model to both open and blocked
duration ccdl"s to achieve a better overall lit than when using the two-state model. This approach essentially
trades accuracy in the connection duration ccdf ('or improved accuracy in the blockage duration ccdl. A
reasonable lit can be attained if the average blockage duration is not too great. When the average blockage
duration is too large, however, one of the free parameters must be made so small that a degree of freedom
is csscntially lost. We see an instance of this in I I as the parameter b must be made very small for cases
with the largest average blockage duration. Making h very small has the effect ol concentrating most of the

connection duration distribution before the breakpoint, which in some cases produces a poor lit.
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TABLE 6

Parameters Using the Gilbert Model, Jointly Fitting Blockage and Connection
Durations

Location P2 )hh h 7. A 9 / 92

Boston 0.9985 0.9501 1.053 x 10-' 0.)29 0.050 0.9985 1.000 x 10
Boston (fin?. dist. on11) 0.9990 0.9850 1.015 x 10-" 0.063 0.015 0.999()0 1.000 x 10-4
Back Bay 0.9950 0.9155 0.0005 0.056 0.085 0.9950 ().0()05
Cambridge ().9945 0.9433 1.060 x 10- 0.188 0.057 0.99.45 1.000 x 10-
Cambridge Subset 0.9987 0.9451 1.058 x 10-' 0.023 0.055 0.9987 1.000 x 10-1
Concord Loop 0.9920 0.9405 1.)64 x 0-1 ().1 18 0.)60) 0.9920 1.000 x 10-
Devens 0.9975 0.96(11 ().001() 0.059 0.04!) 0.9975 (.)010
Open Highway ().9995 0.9151 1.093 x 10 0.00(6 0.0)85 0.999)5 1.000 x 10-'

The black dash-dot lines in Figure 17 correspond to the values in Table 6. These parameters were
chosen to make the make the best lit to both blockagc and connection duration ccdl"s. We again observe that

the quality or the lit using the Gilbert model depends on the relative sizes ol the blockage and connection
duration,,. We see that the best lits occur in Figures 1 7(d)-(g), where the blockage durations are significantly

less than the connection durations. Figures I 7(a)-(c) are examples in which the blockage durations are the
same size or larger than the connection durations. In these cases, the data does not agree as well with the

Gilbert model.
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3.6 SUMMARY

With its improved stability, the second SATCOM on-the-move prototype vehicle developed at Lin-

coln Laboratory was used to conduct an extensive measurement campaign in and around Boston, MA. [n
this chapter, we present the results of this campaign. The primary dilference between the data presented
here and the data presented in [1] is that we included more nieasurement environments and that individual

experiments tended to be longer in duration, resulting in data sets that are more representative of the given
regions.

After making some qualitative observations that led to a natural partitioning of the data sets, we pro-
posed two new regions to describe probable operating environments hor SATCOM on-the-move systems:
open highway and dense urban.

The new data sets gathered in this measurement campaign cover larger geographical areas than those
of the previous campaign Ill, resulting in a drastically increased volume ot data. We conlirmed many of
the observations of [I1. 13] using the new data sets. Although there are clearly deficiencies in the two-state
model, it can easily be specified over a wide range of parameters. The jointly lit Gilbert model used by I I
can provide a better lit to the data in certain circumstances, it is still unclear how generally applicable the
model is to a wide range of environmcnts, particularly those with longer blockage durations.
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4. MULTIPLE-TERMINAL TECHNIQUES

We learn Irom Chapter 3 that blockage is a problem for SATCOM on-the-move ground terminals and
can become quite severe, especially in urban areas. Since blockage is a physical phenomenon, we look

for system designs that can mitigate the blockage effects. It is well known for terrestrial communications

that link diversity may be used to improve link quality for a channel with fast fading 1161. We apply this

same general idea to SATCOM on the move by using multiple nodes in a cooperative manner to improve

utilization of the SATCOM link.

In this chapter, we explore the fundamental limits of techniques using multiple, cooperative ground

terminals. In section 4.1 we follow the derivation olFYao 1 171 For blockage behavior when multiple terminals

are used. We compare theory to measurements for this behavior. Cooperative nodes are expected to achieve

beiter combined performance if their link states are not highly correlated with each other. Section 4.2

presents correlation properties of two cooperative nodes, both of which experience blockage. Measurements
from diflherent operating environments are presented in section 4.3 to compare correlation properties with

theoretical predictions.

4.1 BLOCKAGE PROPERTIES FOR MUILTIPLE COOPERATING GROUND TERMINALS

In this section, we summarize the derivation of the blocking probabilities and the mean open and

blocked durations derived by Yao 1I 71. Wc consider the blocking probability oF a system with X cooperating

ground terminals. Assuming perfect cooperation among all the ground terminals, the channel is effectively
blocked only when all N termninals are simultaneously blocked. In other words, cooperation allows all

terminals to access the satellite as long as at least one terminal has good SATCOM connectivity.

Since the cluster of ground terminals are operating in the same general area, we assume that all A

terminals have identical blockage statistics. If the terminals experience independent blockages, the blocking

probabiility for all N terminals is then

7h., A.= 7h. (6)

where ij is the blocking probability for an individual ground node. The probability that the entire ground

cluster has some SATCOM connectivity is

To 1 -71,N - 7\. (7)

To evaluate (6) and (7) with experimental data, we are faced with the choice of perForming the analysis

in the spatial domain or in the time domain. Spatial domain analysis is attractive because the results are

applicable to the environment and not the velocity profile ofthe measurement vehicle. Time-domain analysis
is appealing, however, since all signal processing techniques eventually need to be performed in the time

domain.
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In this section. we analyze the results for both spatial and time domains. The spatial domain data is

derived from the time series data as described in section 2.4. Since equations (6) and (7) assume independent

hlocking across the nodes, we break tip the drive path for the Cambridge data set into segments that are 12-

kin Iong for the spatial analysis and 30-minutes long for time domain analysis. The drive routes for each

of thesc segments are shown in Figure 18. When these segments arc processed in parallel, each route is

used to emulate one node in a cooperative cluster. Because the routes are scattered, each node elTectively

experiences independent channel blockage.
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Figure 19 shows empirical blocking probabilities compared to the theoretical predictions of (6) and

(7). The empirical probabilities are computed by counting the number of good or bad states in the data
segment and dividing by the total number of samples in that segment. When multiple cooperating nodes are
considered, a time or spatial state sample is considered bad only when all nodes are simultaneously blocked
and good otherwise.

From Figure 19 we see very good agreement with the theoretical predictions since care was taken to
make the channel blockages appear to be independent among the nodes. When the nodes are in convoy.
however, this independence assumption is no longer valid.

Next, we consider convoy scenarios in which we vary the inter-vehicle spacing to show the changes
that occur when the channel become more or becomes less correlated between vehicles. For this analysis,
we consider a single data set from Cambridge that is three hours long and covers approximately 40 km of
linear distance traveled. For the spatial analysis, convoy vehicles maintain a constant inter-vehicle spacing
of 30 m. For the time-domain analysis, all vehicles follow the same trajectory. including the same variations
in vehicle speed. Each vehicle is delayed by 20, 50, or 100 seconds from the previous vehicle.

The results of the cooperative blocked and open probabilities are shown in Figure 20. As the vehi-
cles in the convoy become more closely spaced, the performance degrades relative to the performance for

independent blockages.

We now consider the mean blocked and open durations of a cooperating cluster of ground terminals.
We detine 'T as the averagc dwell time in the good slate and Tjb as the average dwell time in the bad state of
a two-state MNarkov process. We can write the state transition probabilities in terms of a time step T 1171:

lPgh = 7Th (i _ (, \)

P,,= To ; /

where
lb >1,,7 (9)

7)+ 'hg

When T < TO, (8) can be re-written as

T

T

For a cluster of N cooperating nodes, an equivalent two-state Markov chain can be constructed in which the
bad state corresponds to all N links from the cluster to the satellite being blocked. The equivalent expression
for /, in (10) is 1171

T T T T T h
/)hg.X -- lhh.,V 1 Pb- 1 (1- h)v I .hPhu (IN)

where the second approximation comes from the assumption that Pl)I << 1 and the third approximation is
from a substitution for /, according to (10).
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Using the ergodic relationship between dwell times and stale probabilities,

N•,, P),, N
- (12)

we eet a relationship for dwell time in the good state 1171:
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Although the previous derivation can he done for the spatial domain using, a distance variable rather
than a time variable, we limit our comparison with the experimental data to the time domain case. The

equations of interest are (II) and (13). Figure 21 shows the results for the case in which the nodes are
scattered as in Figure 18. Because of the independent blockages and the fact that the approximations in

the preceding derivation hold, the measurements agree quite well with the theoretical predictions. For the

case of more correlated channel blockages in a convoy scenario, we see in Figure 22 that the perl'ormance

deviates from the independent blockage case as the convoy nodes are more closely spaced.
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4.2 AUTOCORRELATION PROPERTIES OF A TWO-STATE MARKOV PROCESS

In this section, we derive the correlation coel'licient o1r a Markov process. Since the correlation co-
el'licient is a quantitative measure ol the output o1 the Markov state, each state must he associated with a
numeric output value. We generalize the approach taken by [181 to an N-state Markov process with ar-
bitrary values for the state outputs. The state outputs are numerical values corresponding to each Markov
state. These values are used to compute the correlation coelficient of a particular Markov model. Let

= I[ ' S.i - S,%\ ] be the vector representing the output values of each of the N Markov states.

Let Xi be a randorn variable indicating the state of the Markov process at time /. We say N, =

when the process is in state j at time i.

Let

P[ { N,+I S1 .Vi = I Pr{.Y,+j = 1 -1Ai = SP = .. ,\IAXi = -S1}

Al P ,{rjX ,+I = .•I IX , = I.} Pr{X ,+ , = .-. _1X = s } Pr{X,+, = .S I-Vi = .S }

I XPr{Xj = ;V= ";A Pr{A7F I = s. = (14)

be the transition probabilities between the states in the nlodel.

Let 7r - [ hi , . rv be the steady state probabilities of being in any of the N' states. The
steady state solutions are lound by solving the r'ollowing system or equations:

M/l'r = 7r
"1=1~ (15)

7r/'1 = L1,5

whcrc 1 is the vector ol' all ones.

Alter n time steps, ii successive applications or' the AII matrix i he marginal probabilities or
transitionino hetwcen each o1' the states:

P j,,---- .s,1`¥ = S } Pr{X,+,, = .slX, = S,} -- PrX,+, = . \ I ,I}
AI" Pv,+,,--.'S1Xi N= ._} Pr{.,X;+,, = S. , =I';21 ... Pr{AV;+,, = .NX, .}

Pr{ I-+, = .,I N; = s,.\} Pr{X,+,, = .2,.IV = .s.'} -. Pr{.X,+,, x,\• X }
(16)

Within this framework, we oind the correlation coel'licient or the process. We define the correlation coelli-
cient or the random process consisting or the Markov state output values as 1191

p E[(X+, - E [X, ,,])(X, - E [X,])j (17)
/Var [x,+.] V lN,]

We assumeC the process is stationary and that

E [X,,] = E[] A (18)

Va, [X,+,,] = Var [i]= L Var [X].
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The correlation coefficienl becomes

E [(Xj?,, - E [X,,, ,])(X, - E [XD])j

Var [X]
E I- V+,,Xj - E [X]2]
E[....~ [] f(19)

E [X2 ] - E [X]2

E [Xi+,,X,j - E [X]2

E IX-'] - E [X]2

Below, we find expressions for each of the expectations in (19):

EA'] = y.•PrX = >Pr X (j
j= (10)

= 7r' S,

E [. 2 2 = Tr' ,=.,, (21)

where s, [ .,2 ,2 S. ]2 . and

\ \

E [X,,,X,] = 1 >3,,Pr{i;+, sj. A =l

>13• Pr{. (22)

\ \

= ~ T >1 1 kAPrJA;+,~ *j N

= s 4 l•'ls,

where s- S) 1W I T, ... . r \ '/. Substituting (20)-(22) into (19), we get

.S " 1ý S - (i"t') 2

[ot] = _ , (23)717 s,2_, (7r S)-

For the two-state Markov process. we have the transition probability matrix

M=[/ Pb, ] (24)

From Schodorf and Wu 1181, we can write MI" 'or the two-state model as follows:

M [T~lI 7 1+ - -7T ('"+ 7T, .L-7-110" + 7) 7Tbol" +r,- (25)
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The parameter o is found by setting setting the elements of (25) to those of (24). We find

0= _ Puf- 7,1 - Pb, - •l) (26)
7', 79

Wc compute the correlation coefficient for the two-state Markov model with arbitrary state outputs s
[ .,, ., ]. The correlation coclficient is

o- 
2

[4 7 ý , -7b(t'" + 71, 70O + jT( 'TI 7T [ -- (I[

[Wi, /% [ 7 ( I, T% (27)

1TI 7T PI,) -72I, , /W + SW, (1 -9 r,1

Using the fact that T-/, + W,j = I. we find that the correlation coefficient for the two-state Markov process is
exponential, regardlless of the choice o1 state output values:

WibiqW, 1(S , - ) 2oP~]= Wb"iT -') = o" (28)

4.3 EMIPIRICAL RESULTS FOR AUTOCORRELATION OF SATCOM ON-THE-MOVE BLOCK-
AGE CHANNELS

As reported in 1I 81 and derived in section 4.2, the correlation coelficient of the Outlput of the two-state
Markov process is exponential, taking the form

Pr[1] = 1?[1]". (29)

The complete correlation coefficient function is known, then, if one can determine R?[1], the correlation
coellicient at one sample oflset.

Let .X he a random variable denoting the states of the two-state Markov process. Using +I , -I as
the outputs of the good and bad states, respectively, the correlation coefficient at one sample offset can he
written in terms of the mean and variance of the stale output:

I?[1] = 2 1,hh(I - -) -- 4r h +-(30)

where 1,hh is a transition probability in Figure 16 and X and a- arc the mean value and variance, respectively,
of the channel state. The value Wh represents the steady-state probability of being in the blocked state.

An expression equivalent to (30) can he written using reference only to the 'good" state g. We choose
to write the expression in terms of b since the observed blockage distributions tend to agree better with the
two-state model than do the connection distributions.

All variables on the right-hand side of (30) are parameters that may be directly estimated from the
measured sequence of state outputs. Using estimates of these parameters, we evaluate the suitability of the
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model based on how well the correlation coel'licient predicted by (30) matches the correlation coelficient of
the measurements.

We estimate values for the mean (,) and variance (u2 ) directly from measured state outputs repre-

sented by

+ 1 --[ ;dB ';Ihicsh (31)

.r -i "d < '5ihicsh

where .3c]B is the measured signal strength in decibels. The results here use a threshold

'•ihic'h = "'LOS - 5 dB. (32)

where ;LOS is the signal strength of the line-ol'-sight. i.e., unblocked, path to the satellite. The mean is

therefore computed as

N= - , .1,. (33)

i=0
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The variance is computed from the sampled state outputs using the unbiased estimate

N -I2 1-34

S= 0

The value for rr0 is estimated from the blockagc Iraction, i.e., the fraction or the output state samples for
which .r, = - 1. The value for Pbh is estimated from the blockage ccdf by performing a least-squares linear
lit o1 (I) to the logarithm of the measured ccdf ol blockage durations.

The plots in Figure 23 show the results of this analysis. The dashed red lines are lit to the ccdt'
of hlockage durations in Figure 23(a) and (d) using (I). Similarly. the ccdf of connection durations in
FiHure 23(b) and (e) are compared to the ideal distribution aiven by (2). The solid blue curves in Figure 23(c)
and (f) represent the computed correlation coefticient given by

N,. (.I, -0r) (. -I Tr
(T (35)

For purposes of this analysis, we consider the correlation coelticient predicted by (29), (30) to he a
good match if the predicted curve, indicated by the red dashed line in Figure 23(c) and (f), matches the
measured correlation coeflicient curve for 0.5 < r[kJ < 1.

The plots in the top row of Figure 23 are typical of cases in which the data is consistent with the
Iwo-state Markov model according to our criteria, while the bottom row is representative of cases for which
the two-state model is not appropriate. Twelve of the 45 data sets analyied are similar to Figure 23(a)-(c),
meaning that the Iwo-state Markov process is valid under certain circumstances. Since the two-state model is
not universally applicable, however, more complex models. such as the Gilbert-Elliot model or a three-state
Markov model, may be appropriate.

The separation distance at which the channel decorrelates with itself is a useful measure when con-
sidering the use of cooperating mobile terminals. Schodorf and Wu 1I I8 use the two-state model to evaluate
diversity reception among mobile satellite terminals.

I1 one considers the channel to he decorrelated when r[A] < 0.5, we can suimmarite the ranges of
decorrelation distances for this campaign as shown in Figure 24. Shorter decorrelation distances mean that
mobile ground terminals can be spaced more closely together and still benelit from the advantages of some
form of diversity for reception or transmission. For example, cooperating ground terminals can be grouped
more closely in Cambridge, classified as light urban, than they can be in Boston. which falls in the dense

urban grouping.

4.4 SUMMARY

In this chapter we evaluate the properties of the SATCOM on-the-move channel when multiple termi-
nals are used in a cooperative manner. Since neighboring terminals are able to offer the use of additional
SATCOM resources, the effective connectivity to a cluster of ground nodes is improved.

We find that the two-state Markov model provides a reasonable blockage model for nodes that arc in
a cooperating cluster of ground terminals. The measurements agree quite well with the model 'or blockage
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probabilities and mean blocked and open durations for multiple terminals that are scattered with independent

channel blockages. When channel blockages are not independent, such as in a vehicle convoy, the advantage

of having multiple terminals degrades somewhat.

We derive the correlation coellicient of an A-state Markov model. The exponential characteristic of

the correlation coel'licient for the two-state model is the same regardless of what two unique values are

chosen as state outputs. The model agrees reasonably well in about 25§4 of the data sets. The best lits occur

when the distribution f'unctions also agree well with the two-state model. It is possible that an improved

correlation model would agree with a larger volume of the data sets.
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5. CONCLUSION

5.1 REPORT SUMMARY

The new data sets presented in this report include measurements from a terminal that can recover
Iron long outage periods. Due to the enhanced terminal capability, the data sets include regions that were
not previously measurable due to limitations oF the measurement terminal. Expanded data collection areas
provide additional statistics of blockage behavior for urban and highway data. Homogeneity of terrain
stuggcsts a partitioning oF the data sets based on terrain features. We see that the blockage statistics in the
Boston linancial district dif'Icr from the composite view of the entire city. We analyze the statistics of the
new measurement data and find that the two-state Markov model is not ideal, hut it provides a reasonable lit
to the data over a wide range oF operating conditions.

Satellite communication to a cluster of ground vehicles containing multiple SATCOM nodes can he
improved by using all SATCOM links in a cooperative manner. The cluster is effectively blocked only when
all available satellite links are simultaneously blocked. We analyze the theoretical perlormance gains that
can he achieved by these clusters of cooperating nodes. Using the measurement data, we lind that the theory

predicts the improved performance quite well iF the SATCOM channel outages experienced by each node
are independent.

Convoy conligurations. however, do not achieve the lull pcril'ormance bcnelits of coopcrating ground
nodes since the channel realizations experienced by each node are not fully independent. To characteri/e
this channel correlation, we derived the correlation coeflicient for the two-state Markov model and find that
its exponential characteristic matches approximately 257Y of the data sets evaluated. We also compute the
empirical decorrelation distance from the raw data. The decorrelation distance can be used as a guideline
For how Iar apart vehicles in convoy must be separated to achieve significant performance gains by using

multiple terminals.

5.2 FUTURE WORK

The SATCOM on-the-move channel experiences outages due to buildings, trees, terrain, and other
objects that obstruct the terminal's path to the satellite. Alternate network paths From the satellite to a

specic ground terminal may be used to mitigate the adverse elFects of link outage. We consider the case
in which there are multiple terminals operating in a locality such that a ground network among a group oF
mobile terminals is fully connected. Satellite transmissions are available to all ground terminals and that
terrestrial radio transmissions are available to all nearby ground terminals. Networks that use broadcast
media at the physical layer are not easily represented using traditional graph theory, and the analysis must
therefore be adjusted.

A number of detailed approaches may be used to improve the overall performance of a network by
using all links cooperatively. Static routing, dynamic routing, and network coding are of interest in this
context. Static routing relers to the case in which packets are routed through the terrestrial network based
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on pre-determined rules. Dynamic routing schemes adjust the routing rules based on observed outage con-
ditions so that data is sent telTestrially to nodes that experienced SATCOM outages. Recent progress in
network coding suggests that algebraic functions over a finite field can be used to forrn linear combinations

of packets before sending them out over the wire. Packets may be combined and sent over the links in such
a way that the data may be recovered if the fraction ol packets received meets some minimum criteria.

There are limitations to these data sets collected during this measurement campaign. The models that
were derived f'rom these data might be limited as well. All ol the measurements are Laken f'rom the same

satellite at locations that were within about 0.6 degree of latitude and 1.6 degrees of longitude. As a result,
the measurements and models may be biased to these operating conditions. Measurements using satellites
at different locations in the sky arc needed to generalize the results.

There arc fewer satellites available than points of interest in the sky for development ol a gencrali/cd

blockage model. One could use a three-dimensional model of the buildings and trees to estimate outage
locations. Because multipath reception is essentially eliminated by the highly directional SATCOM antenna.
optical methods such as ray tracing would be used to determine outage locations for ground nodes. These
shadowed locations would be compared to measurements made during the previous measurement campaign.
The channel blockage statistics obtained through measurement and simulation could also be compared.

Using the verilied simulation model, outagc profiles could be determined for arbitrary satellite loca-
tions. Simulations would be used to generalize the blockage channel model for diflerent elevation angles.
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